Abstract. Oxygen contamination of a polyacrylamide gel (PAG) dosimeter can have a significant detrimental effect upon the performance characteristics of the gel as a dosimeter. Oxygen contamination can occur during preparation, but can also arise from the diffusion of atmospheric oxygen through vessel walls. Even 'trace' amounts of oxygen present in any gaseous space (usually nitrogen filled) between the surface of the PAG and the vessel seal can have a detectable effect. This paper describes a method used to quantify the detrimental effects of a range of oxygen concentrations upon the performance of the PAG. The results of diffusion studies for air and pure oxygen diffusing into the PAG over time are presented and coupled with a novel method of calculating oxygen concentrations in the PAG. Results obtained suggest that the diffusion is Fickian. The coefficient of diffusion D has been calculated to be (8±2)×10 −6 cm 2 s −1 for oxygen diffusing into PAG stored at 4 • C, under the assumption that the diffusion mechanism is independent of the concentration of the diffusing species. In addition, a quantitative relation has been established between the transverse relaxation rate R 2 of the PAG and the concentration of oxygen present. The implications of these findings for polymer gel dosimetry are discussed.
Introduction
Polyacrylamide gel (PAG) dosimeters (Maryanski et al 1993) are volumes of gel which, when exposed to ionizing radiation, undergo a polymerization reaction. This changes, locally, the nuclear magnetic resonance (NMR) properties of the mobile protons of the gel water and these changes can be measured in three dimensions using magnetic resonance imaging (MRI) with submillimetre resolution. The method of choice has so far been to obtain maps of the parameter R 2 (the NMR transverse relaxation rate), as this has been shown (Maryanski et al 1994) to be linearly dependent on the absorbed dose (to a very good approximation) in the region 0 Gy dose 8 Gy. (Both limits can be altered by appropriate gel formulations .) Although MRI is normally used to read out the absorbed dose data, optical techniques (Gore et al 1996 , Maryanski et al 1996b have been investigated. The PAG dosimeter has so far been used for such projects as MRI quality assurance test gels , dosimetry of multifield tomotherapy irradiation (Oldham et al 1998) , conformal therapy dose measurement and visualization (Ibbott et al 1997) and verification of conformal therapy in cancer of the head and neck (DeDeene et al 1998) .
The dosimeters used in this type of study have generally been variants of the original BANG (bis-acrylamide, nitrogen, gelatin) PAG recipe (Maryanski et al 1994) . This formulation, which we have also used, consists of 3% by weight of each of the co-monomers acrylamide and N,N -methylene-bis-acrylamide (MBA) dispersed in a 5% gelatin/89% water gel matrix.
The mechanism for polymerization by ionizing radiation of acrylamide and MBA in solution is accepted to be a free radical process (Collinson et al 1957 , Panajkar et al 1997 . Free radicals O · and OH · are produced by the radiolysis of water and these have a significant role in the initiation and termination of a polymerization reaction. The extent of the reaction is determined by the dose of radiation received, thus giving the PAG its dosimeter properties. The MBA is a crosslinking agent, which makes the polymer more rigid. The mobility of the water molecules that give rise to the NMR signal is locally reduced in the new, crosslinked polymer matrix and this leads to the observed increase in the NMR transverse relaxation rate R 2 .
The effect of dissolved oxygen upon the radiosensitivity of such gels has been mentioned in a number of papers (Maryanski et al 1993 , 1994 , 1996a , Baldock et al 1998 dating back to Maryanski's original publication. It is observed that even trace amounts of oxygen lead to a failure of the polymerization reaction to occur. No detailed analysis of the effect has yet been published and most reports restrict their comments to the recommendations that oxygen should be removed from the water used in the gel preparation by bubbling oxygen free nitrogen (OFN) through it, and that, subsequently, oxygen should be excluded from the reaction vessel. Many groups working in the field now routinely manufacture the PAGs in nitrogen filled glove-boxes , Hepworth et al 1999 . Up until now, no quantitative analysis has been made of the extent to which a given concentration of oxygen [O 2 ] inhibits the polymerization process. In particular, no experimental data have been presented to demonstrate whether the spoiling effect is progressive or whether there is some critical threshold value of [O 2 ] above which the inhibition occurs.
For a given dose of radiation, the extent of polymerization (as measured by R 2 ) that occurs will vary with [O 2 ]. In this paper, we use the mechanism of oxygen diffusion to establish a well characterized distribution of concentrations in a set of gels. By performing experiments using air and pure oxygen (both at atmospheric pressure) and by making the assumption that the diffusion coefficient of oxygen (D) in the gel is independent of [O 2 ], we obtain the first published measurements of D in a radiosensitive PAG and the first quantitative measurement of the relationship between R 2 and [O 2 ].
Diffusion
Although the unpolymerized gel structure is complex at a microscopic level, at a macroscopic level it can be well described as a homogeneous substance, through which oxygen diffuses isotropically due to random, thermal motions of the oxygen molecules, with constant diffusion coefficient D.
Mathematical solutions to the diffusion problem were first recognized by Fick as being analogous to the transfer of heat by conduction. Referred to as Fick's second law of diffusion, the fundamental differential equation of diffusion in an isotropic medium is
For a semi-infinite diffusion problem with constant D, satisfying the boundary conditions C(x) = C 0 for x 0 and for all t 0, and with the initial condition C(x) = 0, x > 0 and t = 0, equation (1) can be solved (Crank 1975 ) to give
Thus, for any diffusing species obeying Fick's second law in this geometry, the position x corresponding to a given concentration C will advance in proportion to the square root of the elapsed time.
Experimental method
Fourteen PAG samples were prepared from a single batch. The manufacturing procedure was similar to that used previously by the authors (Hepworth et al 1999) and follows broadly Maryanski's original method (Maryanski et al 1993) with the following minor modifications. The PAG was prepared using reverse osmosis (RO) water degassed by bubbling oxygen free nitrogen through it via a Dreschel head. All the preparation and mixing was performed in a nitrogen filled glove-box. The PAG was decanted into test tubes of length 180 mm and internal diameter 8 mm. Each tube was sealed under the nitrogen atmosphere using a nominally oxygenimpermeable rubber seal ('Suba-Seal', supplied by Fisher Scientific) and left to solidify. At time zero, half the samples were exposed to air and half were exposed to 100% oxygen at atmospheric pressure using the following methods:
(a) 'Air' samples. The seal was removed from the samples and a cold air blower was used to replace the nitrogen atmosphere with air. The sample was left exposed to the air during diffusion. (b) '100% oxygen' samples. A syringe needle attached to an oxygen filled balloon was inserted through the rubber seal. The small gaseous cavity (<5 mm) above the gel surface was purged by insertion of an exhaust syringe needle and blowing pure O 2 through the cavity. The exhaust needle was then removed and the gaseous cavity maintained in contact with the oxygen-filled balloon via the attached needle during the diffusion process.
Making the assumption of rapid gaseous diffusion when the gel was exposed directly to air, and that of rapid mixing in the balloon and diffusion through the needle for the '100% oxygen' samples, the concentrations of oxygen C 21 and C 100 at the faces of the two sets of gel samples were respectively 9 mM and 43 mM corresponding to an atmospheric pressure estimated at 10 5 Pa and an assumed atmospheric composition of 21% O 2 , 78% N 2 and <1% other gases. This creates the conditions for the semi-infinite diffusion model as described above.
The appropriate gas was allowed to diffuse into each sample for a specified time, t, with the tube stored in the dark at 4
• C throughout. Each sample was then irradiated in a Hotspot (Nuclear Chemical Plant Ltd) 60 Co irradiating unit, consisting of an array of 60 Co rods in cylindrical geometry. The samples were placed in a chamber and lowered down into the geometrical centre of the 60 Co rods. The dose rate has been measured using a Fricke dosimeter (Fricke and Hart 1966) to be 0.64 ± 0.04 Gy min −1 . Each sample received a dose of 3.2 ± 0.2 Gy.
Results
Polymerization occurred in regions of the gel where there was no oxygen contamination of the PAG samples, i.e. at depths to which the oxygen had not diffused after time t. In regions reached by the oxygen, inhibition of the reaction occurred. A diffuse reaction front (of approximate width 5 mm) was observed optically as shown in figure 1(a) . By comparing how this front moved for samples with increasing diffusion times t, a measure of the diffusion coefficient can be made as described below.
Each of the diffusion samples was imaged on a Siemens Vision 1.5 T MRI scanner. A standard multi-echo clinical sequence as used in other gel dosimetry studies (Oldham et al 1998) was used to generate a series of 16 images with varying echo times from 50 to 800 ms in 50 ms increments and R 2 maps were calculated. low R 2 (low or no polymerization) where oxygen has had an inhibiting effect, whilst the light areas are high R 2 (high polymerization) regions at depths not yet reached by the concentration of oxygen required to inhibit polymerization. To increase SNR for the quantitative calculations, 10 horizontal profiles were extracted from the length of each tube and averaged in the vertical direction. A least-squares, straight-line fit was performed to the logarithms of the intensities of each set of profiles on a point-by-point basis. R 2 profiles of the PAG samples were then extracted. Figure 2 shows R 2 profiles extracted from the data-set of figure 1(b) and also on the same horizontal scale, the data from the samples into which pure oxygen is diffused. The plot shows how, as oxygen diffuses into the sample, a polymerization front is created that moves along with increasing diffusion time. Note how the diffuse reaction front seen optically corresponds to a well characterized region in which the gel R 2 changes from 1.1 ± 0.1 to 2.3 ± 0.1 s −1 . The next stage in the analysis is to take corresponding points from each profile. We make the hypothesis that at such points of constant R 2 , the concentration of diffused oxygen at the time of irradiation is the same. (In practice we choose the 'elbow' point indicated in figure 2, as this is readily tracked for all the tubes. This point corresponds to the smallest concentration of oxygen that causes complete inhibition of the polymerization reaction.) Hence, we are tracking the movement of a constant value of [O 2 ] = C. Figure 3 shows the result obtained by plotting depth against the square root of the diffusion time for each of the 'air' and 'pure O 2 ' diffusion samples. Looking at equation (2), we thus expect that x/2 √ Dt is a constant and so, if diffusion is Fickian, a plot of x against √ t should give a straight line. Figure 3 shows that this is indeed the case and also shows how, as expected, pure oxygen spoils the gel to a greater extent over the same amount of time.
Assuming that the diffusion mechanism is independent of C and, therefore, that D is constant throughout the sample, a value for the diffusion coefficient D can be calculated. Equation (2) is solved for the sets of samples with differing initial concentrations of oxygen, i.e. 21% (air) and 100%, on the basis that the elbow point tracked represents the same value of C in each case. where C 21 and C 100 are the concentrations at the gel surface, and x 21 and x 100 are the depths attained by the diffusing oxygen in a total diffusion time t. Using the computer mathematics package Maple V Release 5 (Waterloo Maple Inc., London), equation (3) can be solved for D. Whilst one may do this for any two points on the lines in figure 3 , in practice, we use the gradients of the two lines m 21 and m 100 . We can eliminate the absolute concentration from equation (3) 
A diffusion coefficient of D = (8±2)×10 −6 cm 2 s −1 was calculated. The error was estimated from: (a) uncertainties in the measured depths (±2 mm random error in each measured pointexcluding the constant systematic offset mentioned in the discussion), leading to a 1.5% error in the gradients m 21 and m 100 ; (b) uncertainties in the concentrations C 21 and C 100 , leading to a value for the constant in equation (4) Figure 4 shows the calculated variation of oxygen concentration of 21% and 100% O 2 at varying depths through the gel for the six measured diffusion times. Figure 5 shows how 
Discussion
A number of sources of error are inherent in the experimental design. This section outlines the steps taken to reduce these effects, suggests ways in which they may be further reduced in subsequent experiments and discusses the implications of the results.
(a) There was no forced circulation of air during the diffusion period and so, as the diffusion takes place, the concentration of oxygen in the air space above the PAG may have decreased leading to an uncertainty in C 21 . Although the distance from the meniscus to the tube opening was less than 5 mm, the authors suggest that a method of constantly moving air over the surface to maintain the constant value of C 21 might usefully be employed in further studies. A similar difficulty may be caused with the oxygen balloon method of providing a 100% oxygen atmosphere leading to a reduction of C 100 compared with our assumed value. A particular problem may be the rate of O 2 diffusion down the syringe needle connecting the balloon to the gel. Additionally N 2 may diffuse across the balloon walls, thus reducing C 100 further. Although the small nitrogen cavities were initially purged thoroughly with O 2 there was no simple method of directly measuring C 100 above the gel. Our error estimates on D allow for a variation of 10% in the ratio C 21 /C 100 . (b) The free radical polymerization of the PAG is known to take place on a time scale of hours . In order that the polymerized gels represent an accurate record of the [O 2 ] at the time of irradiation, it is important that t diff t polym . The after effect caused by oxygen diffusion post-irradiation presents potential anomalies with the diffusion results. Samples with lower diffusion times are particularly affected. Consider, for instance, a sample which is irradiated after just 1 h of diffusion. During the reaction period, which may be several hours long, the oxygen front advances far, with respect to the progress made during the initial hour, whilst consuming free radicals produced by the radiation. This will inhibit polymerization and present a distorted readout. By contrast, after a diffusion time of, say 100 h, any further advance of the oxygen front during t polym is negligible because of the x ∝ √ t diff relation. Figure 2 demonstrates this effect well. The shape of the early profile is significantly different from the others. This potential source of error was reduced by increasing the diffusion times considerably compared with previous trial experiments. (c) The R 2 profiles shown in figure 2 have increased R 2 values around the meniscus of the samples. This is due to the evaporation of water and drying out of the PAG. This is more evident with the samples which were open to air rather than the 100% diffusion samples. This is as would be expected since the oxygen balloons limit evaporation once a given level of humidity is reached. (d) Averaging in a vertical direction across the tubes causes a loss of signal to noise around the meniscus. As a result, the depth of diffusion was taken to be from the bottom of the meniscus in the centre of the sample for every sample. We note empirically that there are non-zero y-intercepts (1.5 mm for the 'air' samples and 3 mm for the '100% O 2 ' samples). These small errors remain to be adequately explained but may be due to: (i) uncertainties in the true meniscus position-note that a single MRI slice of width 12 mm encompassed the entire tube; (ii) diffusion across the curved meniscus surfaces, which is not considered in our model. (e) Throughout the analysis of the data, the diffusion coefficient D was assumed to be concentration independent due to the relatively small concentrations of oxygen involved. However, it is known (Crank 1975 ) that vapour diffusion into polymers can be concentration dependent. Removing our assumption would require considerably revision of the experiments and subsequent analysis. The absolute oxygen concentrations in the gel would have to be measured. (f) A key difficulty of the method outlined in this paper here is that it relies on an indirect method of measuring [O 2 ] in the gel. However, no convenient method of monitoring [O 2 ] remotely exists. Commercial oxygen meters based on electrochemical methods rely on a continuously circulating solution. (g) Some concerns exist in the literature about the quantitative accuracy of the multi-echo method (Majumdar et al 1986a , b, Liney et al 1996 . However, in this study, the choice of a large slice thickness that encompassed the entire tube overcomes a number of MR problems arising from imperfect slice profile. The first echo in each T 2 series was discarded, in accordance with previous experience in fitting such multi-echo data (Oldham et al 1998) . (h) The final result, as expressed in figure 5 , shows how the estimated 25% error in D has a significant effect (as shown by the large horizontal error bar) on the R 2 versus [O 2 ] curve. Note that this is a systematic error in our calculation of the curve as a whole, rather than a random error in each point on it. Although there is still some uncertainty in the absolute values (in the range 0.1 to 0.5%), the results are entirely consistent with our own experience in manufacturing such gels and anecdotal reports from other groups. (i) Notwithstanding the provisos mentioned above, we are confident that the method we have chosen gives results which, with the estimated errors as quoted, will be useful to the gel dosimetry community. What is the partition coefficient of the injected oxygen between the gas cavity and the gel volume? (iv) How do we ensure that all samples receive precisely the same radiation dose? (j) The implications of these findings for polymer gel dosimetry allow us (i) to make recommendations about the extent to which a PAG exposed to air will be spoiled and (ii) to evaluate the technique suggested in McJury et al (1999) of arresting further polymerization after irradiation by exposure to air. For example, from figure 5, severe contamination by oxygen occurs at levels of 0.05-0.2%. Solving the diffusion equation (2) for a time of 24 h shows that a 0.05% concentration penetrates 36 mm if the sample is exposed to air for a day. From this we conclude that: (i) If exposure occurs before irradiation the sample will be spoiled to varying degrees down to approximately 36 mm, rendering this region useless as a dosimeter. Given the diffusion coefficient for oxygen through the permeable walls of a container and the wall thickness, it would also be possible to calculate in a similar fashion the 'shelf-life' of an unirradiated but sealed flask of gel.
(ii) A corresponding calculation for 100% oxygen shows that if one attempts to 'quench' the polymerization by exposure to oxygen, depths below 41 mm will still be reacting unquenched after a day, while superficial layers will have the polymerization reaction inhibited after only a few hours. This will lead to artefactual gradients of R 2 . Thus, using oxygen diffusion to arrest polymerization is shown not to be a feasible option since D is too low.
In addition we have shown that the oxygen effect is progressive and thus that it has the potential to cause subtle changes in the measured dose map, that might not be easily diagnosed. Since the edge of a sample, where oxygen effects are most likely to be observed, is often also the location where the incident radiation field is weakest (e.g. in a beam penumbra), considerable care is needed to establish that the R 2 value measured is indeed due solely to the absorbed dose and that the sensitivity of the gel to low doses has not been compromised by oxygen contamination.
Conclusions
The usage of polymer gel dosimeters has increased markedly since their introduction in 1993. The results presented in this paper are the first quantitative analysis of the diffusion of oxygen and the effect of increasing concentrations of oxygen in the PAG.
The diffusion study has provided a method of looking at the progress of the oxygen front as it moves through the gel over time. From the data obtained a value for the diffusion coefficient D has been calculated to be (8 ± 2) × 10 −6 cm 2 s −1 under the assumption that the diffusion is concentration independent. This method has been used to measure a quantitative relation between oxygen concentration and its inhibitory effect on gel polymerization. From the analysis it can be seen that very low levels of oxygen contamination (0.05-0.3%) can have an inhibiting effect upon the PAG.
